Genes encoding immunoglobulin heavy chains (Igh) are assembled by rearrangement of variable (V H ), diversity (D H ) and joining (J H ) gene segments. Three critical constraints govern V H recombination. These include timing (V H recombination follows D H recombination), precision (V H gene segments recombine only to DJ H junctions) and allele specificity (V H recombination is restricted to DJ H -recombined alleles). Here we provide a model for these universal features of V H recombination. Analyses of DJ H -recombined alleles showed that DJ H junctions were selectively epigenetically marked, became nuclease sensitive and bound RAG recombinase proteins, which thereby permitted D H -associated recombination signal sequences to initiate the second step of Igh gene assembly. We propose that V H recombination is precise, because these changes did not extend to germline D H segments located 5′ of the DJ H junction.
Genes that encode antigen receptors of lymphocytes are assembled via DNA-recombination events that juxtapose gene segments spread over several megabases of the genome. 'V(D)J recombination' , as this process is known, is precisely coordinated with the lineage and developmental stage of lymphocytes 1, 2 . Thus, genes that encode immunoglobulins rearrange in the B lymphocyte lineage, whereas genes that encode T cell antigen receptors rearrange in the T lymphocyte lineage. In the B lineage, genes that encode immunoglobulin heavy chains (Igh) rearrange first, followed by rearrangement of genes that encode immunoglobulin light chains (Igk and Igl). Similarly, in the T lineage, genes that encode the T cell antigen receptor β-chain (Tcrb) rearrange first, followed by rearrangement of Tcra genes. The loci that rearrange first in each lineage (Igh and Tcrb) consist of variable (V), diversity (D) and joining (J) gene segments and require two recombination events to generate fully recombined alleles. In each case, D-to-J recombination precedes recombination of the V region to the preformed DJ junction to produce VDJ-recombined alleles. Thus, understanding the assembly of genes that encode antigen receptors involves the delineation of mechanisms that select a locus for rearrangement and impose the order of V(D)J recombination at the Igh and Tcrb loci. V(D)J recombination requires recruitment of the recombinase components RAG-1 and RAG-2 to loci destined for rearrangement. Thereafter, RAG-1 and RAG-2 introduce double-strand breaks at special recombination signal sequences (RSSs) that flank gene segments to initiate recombination. The accessibility of a locus to the RAG recombinase determines the 'choice' of the antigen-receptor gene that will recombine. This is called the 'accessibility hypothesis' 3 . Accessibility, in turn, is regulated by cis-acting accessibility-control elements (ACEs), which coincide with promoters and enhancers in antigen-receptor loci 4 . At one level, therefore, the order of rearrangements of the gene encoding the B cell antigen receptor can be viewed as follows: Igh accessibility precedes Igk accessibility, and in the Igh locus, D H segments become accessible before the V H segments do.
Since the earliest formulation of the accessibility hypothesis, chromatin structure has been considered a key determinant of locus accessibility 5, 6 ; however, the molecular features that distinguish accessible loci from inaccessible loci are just beginning to be understood [7] [8] [9] . All antigen-receptor loci contain acetylated histones before the initiation of recombination in the appropriate lymphocyte lineage and at the appropriate developmental stage 1, 4, 10 . Where examined, rearrangeable loci are also marked with activationassociated histone methylation, such as di-or trimethylation of histone H3 Lys4 (H3K4me2 or H3K4me3, respectively). Conversely, the repressive histone modification dimethylation of histone H3 Lys9 (H3K9me2) is diminished before recombination 11, 12 . Moreover, recruitment of the H3K9 methyl transferase G9a to a Tcrb minilocus recombination substrate attenuates recombination, which thereby provides direct evidence of the inhibitory effects of this modification 13 . The function of specific positive modifications in V(D)J recombination remains unclear, however, because it is difficult to modulate these marks independently and to assess the effects on recombination. The recognition that the plant homeodomain A r t i c l e s of RAG-2 binds H3K4me3 has led to a model in which epigenetic histone modifications mark a locus for the recruitment of RAG-1 and RAG-2 (refs. [14] [15] [16] .
The Igh locus comprises approximately 150 V H gene segments, 10-13 D H gene segments and 4 J H gene segments 17 . The initial activation of D H recombination (rather than V H recombination) and the 'preferential' use of certain D H gene segments are explained by several observations. First, analysis of RAG-deficient pro-B cells has shown that only the 5′-and 3′-most D H gene segments that flank the D H region (DFL16.1 and DQ52, respectively) and the region encompassing the J H gene segments extending to exons of the µ-chain constant region (C µ ) have hallmarks of active chromatin 11, 18 . These include the presence of activating histone modifications, nuclease sensitivity and pockets of DNA demethylation (R. Selimyan, I.I., R.Subrahmanyam, F.W.A., R. Sen et al., data not shown). Unlike flanking D H gene segments, the intervening D H gene segments (DSP2 segments) are marked by H3K9me2, a repressive chromatin modification, which may result in less use of these gene segments in the mature B cell repertoire 9, 10 . The absence of activating histone marks in the V H part of the Igh locus has led to a model in which V H gene segments are relatively inaccessible to recombinase at this stage 19 . Second, the J H region has the greatest density of RAG proteins in the Igh locus 20 ; in contrast, RAG proteins are undetectable at V H gene segments in pro-B cells. Thus, recombinase is perfectly positioned to initiate D H recombination rather than V H recombination. Third, the 3′ end of the Igh locus has been proposed to fold into a three-loop structure that places the 5′-and 3′-most D H gene segments closest to the RAG-rich recombination center 21 . This spatial configuration maximizes the chance that J H -associated RAG proteins will find complementary D H RSSs in the first recombination step. Fourth, a recombination barrier element has been identified 5′ of DFL16.1 that prevents the recombination of V H gene segments to germline D H gene segments 22 . Binding sites for the insulator protein CTCF in this element are essential for barrier activity 23 .
With plausible models for the regulation of D H recombination in place, it is imperative to study the second step of Igh gene assembly. V H recombination is regulated at many levels, such as the 'preferential' recombination of proximal V H gene families, the responsiveness of the V H J558 gene segments located at the 5′ end of the locus to interleukin 7, and feedback inhibition of V H recombination 24, 25 . Before these features of V H gene segment selectivity come into play, however, three general aspects of V H recombination must be addressed. First, why does V H recombination always follow D H recombination? Second, why does V H recombination occur selectively on DJ H -recombined alleles? Third, what is the mechanism that directs V H gene segments to recombine to the DJ H junction? The exquisite precision of the last point is noteworthy, because the closest unrearranged D H gene segment 5′ of a DJ H junction is located only 4 kilobases (kb) away, yet V H gene segments from more than a megabase away find the DJ H junction and not the adjacent germline D H gene segment. Here we investigated whether chromatin structure and RAG-recruitment profiles of DJ Hrecombined alleles could provide answers to these questions.
RESULTS

Localized activation of DJ H junctions
To analyze the state of DJ H -rearranged loci, we generated a panel of cell lines with specific Igh rearrangements. For this, we transiently transfected RAG-2-deficient mouse fetal liver-derived 6312 cells with a RAG-2 expression vector and isolated single-cell clones with recombined Igh alleles. Because RAG-2 was expressed transiently, these clones were genetically stable thereafter. We assayed D H recombination by PCR (Supplementary Fig. 1 ) and used representative clones (2B9, 2F1, 2C10 and 1E3) in chromatin assays. We first examined the changes that accompany rearrangement of a DSP2 gene segment located in the middle of the D H cluster. One allele in 2B9 cells had a DSP2.2b-J H 1 rearrangement, and the second allele had undergone V H recombination, which resulted in the deletion all unrearranged D H gene segments ( Fig. 1a) . We designed primers specific to the 5′ region of the rearranged DSP2.2b gene segment and compared the histone-modification state of the DJ H -rearranged allele with that of germline alleles in the parent cell line.
Chromatin-immunoprecipitation (ChIP) assays showed that the 3-kilobase region 5′ of the DJ H junction had a greater abundance of activation-related modifications, such as acetylation of histone H3 Lys9 (H3K9ac) and H3K4me2, than did germline alleles ( Fig. 1b) . Sequences near the DJ H junction were also depleted of suppressive H3K9me2 modifications and showed enrichment for transcriptionassociated H3K4me3 (Fig. 1b) . There was a greater abundance of Supplementary Fig. 3b ).
A r t i c l e s H3K9me2 modification but a lower abundance of H3K4me3 modification 3 kb 5′ of the DJ H junction. These changes provided plausible explanations for earlier analyses of DJ H transcription showing that DFL16.1 and DSP2 rearrangements activate promoters that were dormant in the germline configuration, which results in more recruitment of RNA polymerase II and more sense-and antisense-oriented transcription from the DJ H -rearranged alleles 11 . However, both the density of RNA polymerase II and antisense transcripts are much lower in abundance within 2 kb 5′ of the DJ H junction than at the peak near the DJ H junction 11 . We concluded that D H recombination led to chromatin activation and transcription that was highly restricted near the DJ H junction.
As the most prominent ACE at the Igh locus is the intronic enhancer E µ , we determined whether the changes in the abundance of histone modifications at the DJ H junction were dependent on E µ by analyzing the status of DJ H junctions in pro-B cell lines from E µ -deficient mice transformed with the v-Abl oncogene of Abelson mouse leukemia virus. We did ChIP assays, with antibody to H3K9ac (anti-H3K9ac) and anti-H3K4me3, of three E µ -deficient cell lines: FA3, which has two Igh alleles in the germline configuration; FA8, which has a DSP2.8-J H 3 rearrangement in one allele and a DQ52-J H 2 rearrangement in the other allele; and FA10, which has a DSP2.7-J H 2 rearranged allele and a germline allele. We used the E µ -sufficient 6312 cell line as control for those positive modifications at the Igh locus. We found that in the absence of E µ , both the germline and the DJ H -rearranged loci were completely devoid of those active histone marks ( Supplementary Fig. 2) , which indicated that activating histone modifications associated with DJ H junctions required the intronic enhancer E µ .
To obtain an independent measure of activation, we assayed the DNase I sensitivity of the DSP2.2b-J H 1 allele in 2B9 cells by a quantitative PCR assay. The E µ -associated DNase I-hypersensitive site and inactive C γ 3 sequences served as the positive and negative control, respectively. We found greater sensitivity of an amplicon 1 kb 5′ of the rearranged DSP2.2b gene segment than of the unrearranged DSP2.2b in 6312 cells ( Fig. 1c and Supplementary Fig. 3a,b ). An amplicon nearer the DJ H junction was also more sensitive to DNase I in 2B9 cells than in the parent cells, although overall sensitivity at this site was not as great as that at the −1 kb region, which suggested that the −1 kb region represented a weak DNase I-hypersensitive site. However, the enhanced sensitivity to DNase I did not extend to upstream unrearranged DSP2 gene segments ( Fig. 1c and Supplementary Fig. 3a,b) , which were equally insensitive in 2B9 and 6312 cells. These observations indicated that the chromatin state of a recombined D H gene segment was selectively altered relative to that of the unrearranged D H gene segments on the same allele.
To further confirm the idea that DJ H junctions were locally activated, we examined the histone-modification status of unrearranged D H gene segments in cells that contained DJ H -recombined alleles. Unrearranged DSP2 gene segments in 2B9 cells were inactive by several criteria; they lacked H3K9ac and H3K4me3 and retained H3K9me2 ( Fig. 2a,b) . The same was true in a different cell line, 2F1, that had undergone DQ52-to-J H 1 rearrangement in one allele and DSP2.2a-to-J H 2 rearrangement in the second allele ( Fig. 2a,c) . We also investigated sequences around DFL16.1 in these cells to determine whether D H rearrangements affected the peak of activation at the 5′ end of the D H -C µ domain. We found that neither DSP2.2 nor DQ52 rearrangement affected the activation state of DFL16.1 positively or negatively (Fig. 2b,c) . Consistent with that observation, the DNase I sensitivity of the unrearranged DFL16.1 segment was not altered for DSP2.2b-rearranged alleles ( Fig. 1c and Supplementary  Fig. 3b ). We concluded that D H recombination led to highly localized histone modification and accessibility changes at DJ H junctions that did not extend to germline D H gene segments upstream.
Chromatin changes at uniquely located D H gene segments
Unlike the intervening DSP2 gene segments, the 5′-most and 3′-most D H gene segments are associated with active chromatin marks in the germline configuration. To determine whether rearrangements of those gene segments also led to additional local chromatin activation, we investigated the state of a DFL16.1-J H 1recombined allele in 2C10 cells and a DQ52-J H 1-recombined allele in 2F1 cells (Fig. 3a) . 
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A r t i c l e s in the second allele of 2C10 cells, which had undergone V H -to-DJ H recombination, and the sequences immediately upstream of DQ52 were lost in the second allele of 2F1 cells, which had rearranged an upstream D H gene segment (DSP2.2a-J H 2). This configuration of rearrangements in the two cell lines allowed us to unequivocally probe the chromatin state surrounding rearranged DFL16.1 and DQ52 gene segments. The abundance of H3K9ac was much greater near the recombined DFL16.1-J H 1 junction than in the same location in the germline configuration ( Fig. 3b) . A greater abundance of H3K9ac also was evident at DFL16.1 (−1.7), the approximate position of the H3K9ac peak in the unrearranged state, but dropped off rapidly further upstream. The same trend was evident for H3K4me3 modification (Fig. 3b) . We observed no major changes in H3K4me2 or H3K9me2 modifications around the rearranged DFL16.1 relative to those in the germline DFL16.1 (Fig. 3b) . The net result of these changes was that, in addition to a greater abundance of activation modifications, the peak of modifications moved to the DJ H junction rather than being located 1.7 kb 5′ of DFL16.1. The DQ52 rearrangement also resulted in more local H3K9ac and H3K4me3 modifications (Fig. 3c) ; however, the change was much less than that of DFL16.1 or DSP2 rearrangements. That result was probably a consequence of the fact that germline DQ52 already has abundant activating histone modifications because of its proximity to the J H region and the nearby PQ52 promoter. The restriction of activation marks near DQ52 was best exemplified by the much greater abundance of suppressive H3K9me2 modifications within 2 kb 5′ of the DJ H junction (Fig. 3c) . Although we noted changes in the abundance of histone modifications at DJ H junctions involving DFL16.1 and DQ52, we did not observe any changes in DNase I sensitivity at or near these junctions ( Supplementary  Figs. 4 and 5) relative to that of the corresponding locations on germline alleles. These observations demonstrated that chromatin alterations in response to DJ H recombination were highly localized regardless of D H gene use.
We hypothesized that localized changes that distinguish DJ H junctions from upstream unrearranged D H gene segments would provide a plausible mechanism for the targeting of V H recombination to the DJ H junction. In this context, DSP2.9 occupies a special position in the D H cluster. As the first D H gene segment 3′ of DFL16.1, it is nearest the pocket of active chromatin at the 5′ end of the germline D H cluster other than DFL16.1 itself. It is therefore possible that chromatin changes associated with DSP2.9 recombination could lead to a large domain of activated chromatin that encompasses both DSP2.9 (rearranged) and DFL16.1 (unrearranged) gene segments. Alternatively, a DSP2.9-rearranged allele may contain two distinct minidomains of active chromatin. To distinguish between those alternatives, we examined the structure of a DSP2.9-J H 2-rearranged allele in 1E3 cells, which had a DFL16.1-J H 1 rearrangement in the other allele ( Fig. 4a) . Notably, we again found a highly localized peak of H3K9ac and transcription-associated H3K4me3 modification at the DJ H junction, which dropped off rapidly 3.4 kb 5′ of DSP2.9 (Fig. 4b) ; this amplicon is located about 3.4 kb 3′ of DFL16.1. Conversely, at the recombined junction, there was depletion of inhibitory H3K9me2 marks that were present at germline DSP2.9 (Fig. 4b) . Although the pattern of H3K4me2 modification was less precisely restricted to the DSP2.9-J H 2 junction, the overall DSP2.9 rearrangement also resulted in local enhancement of activating histone modifications at the DJ H junction.
The epigenetic changes noted above were accompanied by enhanced DNase I sensitivity of the sequences 5′ of the DJ H junction ( Fig. 4c and Supplementary Fig. 3a,c) . An amplicon 1.5 kb 5′ of the rearranged DSP2.9 was much more sensitive to digestion with DNase I than was the corresponding region around germline DSP2.9. That greater sensitivity of the rearranged allele was not apparent 3.4 kb 5′ of DSP2.9. Additionally, the DNase I sensitivity of germline DFL16.1 was similar for alleles with and without DSP2.9 rearrangement. We concluded that DSP2.9 acted exactly like the other D H gene segments analyzed in this study and that DSP2.9 rearrangement did not substantially alter the chromatin state around DFL16.1. modified for small numbers of cells (microChIP) 26 to analyze bone marrow pro-B cells isolated by flow cytometry. To account for the heterogeneity of bone marrow pro-B cells, we used a 'pan-DSP'
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primer that hybridized to all six DSP gene segments and one that was unique to DFL16.1, together with a J H 1 primer (Fig. 5a) , to assess the histone-modification state of DJ H 1 junctions by real-time Supplementary Fig. 3c ). npg A r t i c l e s PCR. We found a much greater abundance of H3K9ac marks as well as H3K4me3 marks at DFL16.1-J H 1 and DSP2-J H 1 junctions than at the corresponding germline D H segments (Fig. 5b) . To examine the chromatin state of DJ H junctions that used other J H gene segments, we used a reverse primer located 3′ of J H 4; for these assays, the PCR was followed by Southern blot analysis ( Fig. 5c) and quantification of the signals in the Southern blots ( Fig. 5d) . We compared PCR products from 0.1-0.2 ng of microChIP material with those of serial dilutions of input material (2.0, 1.0 and 0.5 ng for DJ H junctions; 0.8, 0.2 and 0.05 ng for germline fragments). We found greater enrichment for DJ H junctions, but not for germline D H gene segments, in DNA obtained by microChIP than in input DNA (Fig. 5c,d) .
Together these assays demonstrated that DJ H junctions were selectively targeted for epigenetic modifications linked to the recruitment of RAG-1-RAG-2.
Restricted recruitment of recombinase to DJ H junctions
To determine whether changes in histone modifications located at the DJ H junction correlated with the recruitment of recombinase, we used ChIP to locate RAG-1 on DJ H recombined alleles. We began with a pro-B cell line that lacks endogenous RAG-1 and has transgenic expression of the catalytically inactive RAG-1(D708A) mutant, in which the Igh locus is in the germline configuration (D345 cells) 20 . We transiently expressed RAG-1 in D345 cells and identified single-cell clones that had undergone D H recombination. We used three such lines in our assays: clone 3E had a DSP2.2-J H 2 rearranged allele, whereas clones 1C6 and 2C11 had DFL16.1-J H 1 and DFL16.1-J H 4 rearrangements, respectively; the other allele in all three clones was in the germline configuration ( Fig. 6a and Supplementary  Figs. 6 and 7) . Using a RAG-1-specific antibody for ChIP, we found considerable enrichment for RAG-1 in the J H region and complete depletion of RAG-1 over most D H gene segments in D345 cells (Fig. 6b,c) , as shown before 20 . Notably, we detected a small peak of RAG-1 coincident with small amounts of activating histone modifications just 5′ of DFL16.1 (Fig. 6b,c) . The density of RAG-1 peaked approximately 1.7 kb upstream of DFL16.1, as noted before for H3K9ac and H3K4me3 peaks 11 . This peak may have represented 'spillover' of RAG proteins from the J H -associated recombination center because of the spatial proximity of DFL16.1 to the J H domain 21 .
We found more RAG-1 at the recombined DSP2.2-J H 2 junction in 3E cells (Fig. 6b) . However, RAG-1 binding was close to background (represented by an amplicon from the locus encoding β-globin) at upstream unrearranged DSP2.9 and DFL16.1 gene segments. The pattern of recruitment of RAG-2 in these cells was similar to that of RAG-1 (Supplementary Fig. 6 ). Thus, there was considerable enrichment for both RAG-1 and RAG-2 at a recombined DSP2.2 gene segment. Similarly, the density of RAG-1 was much greater at the recombined DFL16.1-J H 1 junction in 1C6 cells than at the unrearranged DFL16.1 gene segment in the same cells (Fig. 6c) . We noted the same pattern of RAG-1 binding in 2C11 cells (Supplementary Fig. 7) . We confirmed that the histone-modification pattern of the D345 derivatives closely resembled that of the 6312derived clones reported above (Figs. 1-3 and Supplementary  Fig. 8 ). We concluded that D H recombination led to accumulation of RAG proteins at DJ H junctions.
The high density of RAG-1 at DFL16.1-J H 1 in 1C6 cells indicated that the peak of RAG-1 centered 5′ of DFL16.1 on unrearranged alleles shifted to the DFL16.1-J H junction after recombination (Fig. 6c) . This result was directly analogous to the shift in histone modification peaks on DFL16.1-J H 1-recombined alleles (Fig. 3b) . Moreover, we noted higher RAG-1 density at DJ H junctions than at the germline J H 4 region in both 3E cells and 1C6 cells. Because the density of RAG protein in the germline Igh locus was concentrated over the J H gene segments, these observations suggested that RAG-1 and RAG-2 redistributed toward the DJ H junctions on rearranged alleles. We propose that refocusing RAG-1-RAG-2 not only maximizes use of the DJ H RSS for V H recombination but also serves to limit the low but detectable occurrence of direct V H -to-J H rearrangements 27 .
DISCUSSION
Three regulatory features are shared by all V H recombinations. First, V H recombination always follows D H recombination (timing). This timing could be mediated by a late-acting ACE associated with V H gene segments, such that D H recombination would have always occurred before this ACE was activated. However, such an ACE has not been identified. Second, V H recombination is selectively activated on alleles that have undergone D H recombination (allele specificity). This underappreciated facet of V H recombination can be inferred from the state of Igh alleles in mice with a knock-in mutation that express the core region of either RAG-1 or RAG-2 (refs. 28, 29) . Many mature B cells that develop in these strains have one Igh allele in germline configuration, in contrast to normal B cells, in which both Igh alleles are invariably rearranged. Such observations indicate that recombination is 'preferentially' completed on DJ H -recombined alleles. Third, V H gene segments recombine precisely to the RSS associated with DJ H junctions while excluding nearly identical RSSs associated with germline D H gene segments on the same allele (precision). These universal features must be accounted for in any model for activation of V H recombination. Here we propose such a model based on our analyses of DJ H -recombined alleles.
We propose that V H recombination follows D H recombination because it is only after the formation of DJ H junctions that RAG proteins have ready access to the 5′ RSS of D H genes. Before initiation of recombination, RAG proteins are located mainly over the J H gene segments. In accordance with prevailing models of RSS synapsis and hairpin formation, an initiating RAG complex at a J H RSS would seek and pair with a D H RSS and thereby initiate D H recombination. The 'preference' for J H -D H synapsis would be dictated by the nature of the associated RSSs, which contain 23 nucleotides or 12 nucleotides of spacer DNA, respectively, between conserved nonamer and heptamer sequences. After D H recombination, RAG proteins are 'preferentially' recruited to DJ H junctions, which permits them to initiate the reaction at the 5′ D H RSS; now the complementary RSS would be that of a V H gene segment, which would thereby lead to V H recombination. This model extends the recombination-center model proposed for germline antigen receptor loci 20 to DJ H -recombined Igh loci. Essentially, D H recombination brings D H RSSs into the recombination center, which allows them to participate in the second step of Igh gene assembly. The idea that D H RSSs become available to initiate recombination only after DJ H recombination also provides an explanation for the allele specificity of V H recombination.
Our model circumvents the need to invoke independent activation and recruitment of RAG proteins to V H gene segments. Indeed, it is easy to imagine that recruitment of RAG all along the 2.5-megabase V H region would result in many more RAG-induced DNA breaks and translocations. We hypothesize that restriction of the presence of RAG to a discrete part of the Igh locus with sequential bringing in of the appropriate gene segments provides the correct recombination order with minimal genomic instability. We do not suggest that recruitment of RAG to the DJ H RSS is sufficient to initiate V H recombination. Instead, RAG proteins bound to the DJ H -associated RSS must find and gain access to a V H RSS for hairpin formation to occur. It is likely that locus conformation, mediated by looping and/or compaction, has a role in the spatial positioning of V H gene segments in the vicinity of DJ H -associated RAG proteins. Lack of such positioning is the likely explanation for less distal V H recombination in pro-B cells deficient in the transcription factor Pax5 or transcriptional regulator YY1 (refs. 30, 31) . Additionally, correctly positioned V H gene segments must also be in the appropriate chromatin state for RAG proteins to recognize the V H RSS and induce nicking. The permissive chromatin state required for access to V H may be conferred in part by interleukin 7-dependent histone modifications 19, [32] [33] [34] [35] and Pax5-dependent loss of H3K9me2 (ref. 12) .
One caveat to the model is that DQ52-associated RSSs, which are rich in RAG before rearrangement, should be able to recombine with germline V H gene segments to produce V H -DQ52 junctions. Indeed, such rearrangements are in fact observed, but only when the spatial configuration of the Igh locus is altered. The first instance of V H -to-germline D H recombination was observed in mice in which a V H gene segment was knocked in very close to DFL16.1 (ref. 36 ). The knocked-in V H segment rearranged 'preferentially' to DQ52 located 50 kb away rather than to DFL16.1 located only 1.0 kb away. That product was probably generated by binding of RAG at an unrearranged DQ52, followed by capture of the RSS associated with the knocked-in V H segment. We propose that synapsis between germline DQ52 and the knocked-in V H segment was possible in this situation because both gene segments were in the same chromatin domain demarcated by CTCF-and YY1-binding sites 5′ of DFL16. 1 (refs. 21,22) . In the normal configuration of the Igh locus, RAG-bound complexes at DQ52 RSSs would be more effectively captured by J H RSSs because V H gene segments are located outside the D H domain 21 .
A second instance of V H to germline DQ52 rearrangement has been reported 22 on Igh alleles mutated at the two CTCF-binding elements upstream of DFL16.1 (ref. 23 ). These modifications remove the newly identified looping or barrier sites 5′ of DFL16.1 that sequester all D H gene segments in one chromatin domain 21, 22 . In the absence of the normal looping or barrier sites, perhaps the D H domain extends into the proximal V H region, thereby incorporating one or more V H gene segments into the D H domain. Functionally, this would be analogous to the proposed structure described above, generated on the allele with the knocked-in V H segment. Therefore, V H RSS(s) would be available for synapsis with the DQ52 RSS, which would lead to proximal V H -to-germline DQ52 rearrangements.
Finally, our observations provide a plausible mechanism for the precision of recombination of V H to DJ H junctions but not to germline D H RSSs 4 kb upstream. Specifically, we found that activating histone modifications and nuclease sensitivity of DJ H junctions did not extend even 4 kb to the nearest unrearranged D H gene segment. Because these changes occurred in recombinase-deficient cells, our working hypothesis is that these changes direct the recruitment of RAG to DJ H junctions while avoiding upstream germline D H gene segments. Consistent with our proposal, direct analysis of the binding of RAG also showed the greatest amount of RAG-1-RAG-2 at DJ H junctions and very little at germline D H segments. Notably, the peak of RAG binding seemed to shift from its pre-rearrangement position over J H gene segments to focused accumulation at DJ H junctions, which thereby further accentuated the use of the DJ H -RSS in the next recombination step. We propose that the exquisite specificity of the recombination of V H to DJ H junctions is imposed by the localized changes in chromatin structure and consequent restriction of RAG proteins to DJ H junctions.
Several mechanisms can be considered by which chromatin changes are restricted to DJ H junctions. First, as large portions of the D H region are actively maintained in silent (H3K9me2-marked) chromatin 11 , it is possible that some of these heterochromatin-associated enzymes are brought along with the recombining D H segment. After rearrangement, the D H promoter is activated by proximity to E µ and results in activation-and/or transcription-associated histone modifications near the DJ H junction. However, such modifications cannot spread further in the 5′ direction because of silencing activities there. Second, D H promoters activate bidirectional transcription after rearrangement 11 . It is possible that the greater abundance of antisense transcripts generated from the recombined D H promoter may have a role in maintaining the heterochromatic state of upstream germline D H gene segments. Third, D H promoters may function as boundary elements. In this scenario, although the D H gene segment recombines into the highly active J H region, the positive effect of this part of the locus is prevented from spreading into the upstream germline D H segments by the newly active, rearranged D H promoter. Further studies are needed to determine the factors that restrict chromatin structural changes to DJ H junctions.
METHODS
Methods and any associated references are available in the online version of the paper. 
